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Avalanche Photodiodes (APDs) are key semiconductor components that amplify weak optical
signals via the impact ionization process, but this process’ stochastic nature introduces
‘excess’ noise, limiting the useful signal to noise ratio (or sensitivity) that is practically
achievable. The APD material’s electron and hole ionization coefficients (α and β respec-
tively) are critical parameters in this regard, with very disparate values of α and β necessary
to minimize this excess noise. Here, the analysis of thirteen complementary p-i-n/n-i-p
diodes shows that alloying GaAs with ≤ 5.1 % Bi dramatically reduces β while leaving α
virtually unchanged—enabling a 2 to 100-fold enhancement of the GaAs α/β ratio while
extending the wavelength beyond 1.1 µm. Such a dramatic change in only β is unseen in any
other dilute alloy and is attributed to the Bi-induced increase of the spin-orbit splitting energy
(∆so). Valence band engineering in this way offers an attractive route to enable low noise
semiconductor APDs to be developed.
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II−V-based semiconductor avalanche photodiodes (APDs) are
widely used in optical communication networks because the
avalanche gain can increase the sensitivity of the system
without sacrificing speed1,2. There is, however, a limit to the
maximum gain that can be usefully utilized as two factors start
to degrade the performance at higher gain values. Firstly, the
stochastic nature of the impact ionization process results in
‘excess’ noise, which increases with increasing gain, limiting the
maximum sensitivity3. Secondly, APDs have a gain-bandwidth
product (GBP) due to the multiple transits of the high field region
necessary to achieve the gain, limiting the maximum speed that
can be achieved4. Both these factors depend critically on the α/β
ratio of the semiconductor material that is used for the APD, and
to obtain the lowest excess noise and the highest speed, the carrier
with the larger ionization coefficient must initiate the avalanche
multiplication process. Silicon APDs are very widely used in a
range of applications as the α/β ratio is fairly large over a wide
range of electric fields5 and this can yield fairly low excess noise.
Silicon, however, has an indirect bandgap energy (Eg) of 1.1 eV,
limiting it to the detection of photons below ~1000 nm. To get
sufficient absorption and to operate at the electric fields that give
very low excess noise requires very thick, reach-through structures
that require very high voltages (> 300 V) to operate6. Other
semiconductor materials like HgCdTe7 and InAs8 have almost
infinitely large α/β ratios and are capable of much longer wave-
length detection; however, their small Eg (~0.35–0.4 eV) means
that they need to be cooled to reduce their large dark currents.
Monte Carlo simulations show that in most III−V semiconductors
capable of room temperature operation (i.e., Eg ≥ 0.7 eV), both
electrons and holes undergo significant scattering prior to an
ionization event and, despite differences in the conduction and
valence band structures, the α and β values are broadly similar in
magnitude9–11, leading to large excess noise and hence limiting
their sensitivity. There has therefore been considerable effort
directed at developing novel III−V materials and structures that
are capable of providing a large α/β ratio and of operating with
minimal cooling. Changing the alloy composition of a III−V
semiconductor normally results in both α and β changing by
approximately similar amounts; consequently, the α/β ratio hardly
changes, as seen in InGaAsP12, AlGaAs13 or even strained-layer
InGaAs/GaAs superlattice material systems14. Numerous attempts
have been made to enhance the α/β ratio using band structure
engineering techniques such as heterojunctions15–17, or by using
quantum dots18,19, but these require increased complexity in the
growth and the results to date have been mixed with only the work
by Ren et al.16 showing some enhancement in α from the
conduction band-edge discontinuity. While most of these band
structure engineering efforts have looked to enhance α while
leaving β unchanged, more recently there have been reports of how
digital alloy growth of some materials may form mini-bands,
resulting in the preferential reduction of β20,21, and low excess
noise. The central difficulty with all these ideas is that carriers
capable of ionization are not at the minima of the conduction and
valence bands of most semiconductors but are in higher-lying
bands at significantly higher energies when electron or hole ioni-
zation is initiated9,11. Significantly enhancing the α/β ratio, there-
fore, requires the modification of the higher-lying band structure
rather than only the lowest conduction and valence band edges, as
most attempts have hitherto focused on.
In this paper, we increase the α/β ratio in GaAs by sup-
pressing its hole impact ionization through modification of
the valance band structure. Bismuth (Bi) is one of the largest
atoms that can be incorporated into GaAs. The strong differ-
ence in electronegativity between it and the arsenic (As) atoms
it replaces causes the Bi to act as an isovalent impurity in GaAs,
strongly perturbing the valence band-structure. This leads to
not only a significant narrowing of the bandgap via a band
anticrossing interaction22, but more importantly for our
interests, an increase in the valence band spin-orbit splitting
energy (∆so) (Fig. 1a–c).
The increase of ∆so in GaAsBi is expected to reduce Auger
recombination in lasers;23 however, it is difficult to incorporate the
high levels of Bi (> 10 %) necessary for this benefit to be demon-
strated without deleteriously affecting the material quality due to
the low miscibility of GaBi and GaAs. This low miscibility results in
a reconstruction-sensitive Bi incorporation mechanism24,25 that
necessitates low crystal growth temperatures26 and near stoichio-
metric As/Ga flux ratios27. It is, however, possible to produce high-
quality opto-electronic devices containing GaAsBi with up to at
least 6 % Bi;28 by this fraction, the valence band structure is already
strongly modified. Any increase in ∆so from the value of 0.34 eV in
GaAs should make it harder for holes to scatter from the heavy hole
(HH) and light hole (LH) bands into the split-off (SO) band from
which their ionization threshold is gained11, potentially making
this parameter instrumental in reducing β. We show here that
introducing small atomic percentages of Bi into GaAs reduces β
much more than α, significantly increasing the α/β ratio with a
consequent reduction in avalanche excess noise.
Adding Bi during the growth of GaAs results in some As atoms
being replaced, as shown in Fig. 1a. This reduces the energy of the
bandgap mainly by increasing the valence band energy level, as
shown schematically in Fig. 1b, with the consequence that the
energy separation between the split-off band and the valence
band, ∆so, increases with increasing Bi. Theoretical calculations
of the energy levels using a 12-band k•p model and nearest
neighbour sp3s* tight-binding Hamiltonian as a function of Bi29
(see Fig. 1c) show that hybridization of the GaAs valence band
edge with the resonant, Bi-induced localized states causes the
valence band to rapidly increase in energy when a small Bi
fraction is added to GaAs. This is accompanied by roughly linear
movements of the conduction band (−28.2 meV/%Bi) and split-
off band (−5.5 meV/%Bi). These movements result in ∆so
increasing approximately linearly at a rate of 46.7 meV/%Bi for
alloy compositions between 1 and 11 % Bi.
The diodes analyzed in this experiment were a series of GaAs
based p-i-n and n-i-p structures, grown with intrinsic regions
comprising 0‒5.1 % Bi and with thicknesses of 200‒1600 nm
as detailed in Table 1. The structures were grown on n- and
p-GaAs (001) substrates using an Omicron scanning tunnelling
microscope-molecular beam epitaxy (MBE) system as detailed in
the “Methods” section. The compressive strain in some of the
thicker layers exceeds the Matthews−Blakeslee critical layer
limit30 with the formation of dislocations partially relaxing the
strain; however, the impact of this relaxation on ∆so (for low Bi
content) is minimal as shown in Fig. 1c. The generic structure is
shown in Fig. 1d and details of the fabrication of the circular mesa
diode structures are given in the “Methods” section. The layer
thicknesses and background doping levels were determined using
capacitance−voltage measurements. The actual thicknesses were
fairly close to the nominal values, as shown in Table 1, and the
background doping was found to be < 3 × 1015 cm−3 in all the
layers, suggesting that the electric field across the depletion
regions can be assumed to be fairly constant. Determination of
the Bi content was undertaken using X-ray diffraction (XRD) and
photocurrent measurements. Reciprocal space maps of the 004
and 224 reflections were undertaken on some of the partly
relaxed samples to uniquely define their Bi content and
relaxation. Absorption coefficients extracted from the photo-
current measurements (Fig. 1e) show that adding even modest
amounts of Bi extends the wavelength cut-off of GaAs, with just
3.5 % Bi increasing its absorption coefficient at 1064 nm to
more than one hundred times that of silicon. From the
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absorption coefficient, the direct bandgap can be obtained by
using the following expression:31
aðhωÞ / ðhω EgÞ
1=2 ð1Þ
where h is Planck’s constant and ω is the frequency of incident
photons. The device’s bandgap can therefore be estimated by
plotting the square of the absorption coefficient against incident
photon energy. Further details of these calculations are pro-
vided in the Supplementary section. Plotting Eg obtained this
way against the Bi content obtained from the XRD measure-
ments in Fig. 1c shows excellent agreement with the theoretical
predictions.
All the samples investigated showed good forward diode
characteristics which scaled with device area with ideality fac-
tors of ~2. Despite the presence of some dislocations caused by
strain relaxation in the thicker structures, low dark currents
of < 10 µA were seen in 50–100 µm diameter devices before
avalanche breakdown occurred, enabling us to determine their
photomultiplication characteristics. A mixture of bulk and
surface leakage is thought to be responsible for the reverse dark
currents measured in these devices.
Electron and hole initiated photomultiplication (Me and Mh
respectively) measurements were undertaken as functions of
reverse bias on these samples as described in the “Methods”
Fig. 1 Bi incorporation in GaAs and its effect on the opto-electronic properties. a A schematic showing Bi (purple) replacing As (red) in GaAs. b A
simplified diagram of the effect of 4 % Bi on the energy bands of GaAs. c The bandgap energy and spin-orbit splitting energy of free-standing and strained
GaAsBi calculated by Broderick et al29. The coloured dots represent the different Bi content samples characterized in this paper; data is also shown in
Table 1. d Schematic cross-section of the p-i-n (n-i-p) device structures used in this investigation. e Absorption coefficient vs wavelength for a range of Bi
contents compared to silicon49 and GaAs50.
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section, and the results obtained on the GaAsBi p-i-ns (n-i-ps)
with 2.8–4.0 % Bi are shown in Fig. 2a, b together with their
forward and reverse dark currents. TheMe andMh measurements
undertaken on 50–400 µm diameter devices corroborate the dark
current breakdown voltages seen in all the structures. Fig. 2c, d
shows how, in nominally 400 nm thick p-i-n (n-i-p) devices, the
electron (hole) initiated multiplication varies with increasing Bi
content. The data plotted as log (Me,h−1), shows that the mea-
surable onset of the ionization process (defined here as when
Me,h = 1.01) is only very weakly dependent on Bi content at an
electric field of around 210 kV/cm for Me, but that even a small
amount of Bi significantly increases the threshold electric field
necessary for Mh to occur from 217 kV/cm for GaAs to 333 kV/
cm for the 5.1 % Bi structure. This contrasts with, for example,
the addition of aluminium to GaAs, where the electric fields
necessary for electron and hole ionization both increase by
similar amounts with increasing aluminium32. The thickness of
the avalanche region width does not affect the threshold field for
hole ionization to occur per se as shown by the identical values of
290 kV/cm for N2 (377 nm thick and 3.5 % Bi) and N1 (200 nm
thick and 3.5 % Bi) in Fig. 2d—only the Bi content has this effect.
Using multiplication data from the devices, the ionization coef-
ficients for the different Bi compositions were extracted by sol-














where M(xo) is the multiplication due to the injection of an
electron−hole pair at position xo, between the high field region 0
to W. In the case of p-i-n or n-i-p structures where a constant
electric field can be assumed to exist between 0 to W, and only
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Fig. 2e, f show these ionization coefficients for a range of
GaAsBi containing samples over a wide range of electric fields.
The methodology used to extract this data (detailed in the
“Methods” section) assumes that α and β are functions of the
electric field (following the Chynoweth expression34) and the Bi
content, and that we can interpolate for Bi contents that are not
experimentally available. In this analysis, the effect of any ‘dead-
space’35 (the minimum distance carriers need to travel before
reaching equilibrium with the electric field) on the multiplication
has been ignored. This dead-space was found to reduce the
multiplication only when the avalanching width was ≤ 0.1 μm36
and so can be ignored in these structures. The validity of these
ionization coefficients is demonstrated by the simulated Me and
Mh values for the structures (solid lines in Fig. 2c, d), replicating
the measured data almost exactly over two orders of magnitude.
While the α value only decreases by about a third from that of
GaAs as the Bi content increases (see inset of Fig. 2e), the β value
decreases by orders of magnitude at lower electric fields. Such
highly dissimilar changes in ionization coefficients with alloy
composition have not been seen in any other material system and
appear to be uniquely related to the presence of Bi.
The impact of the Bi on the minimum electric field necessary
for ionization to occur (defined as when Me,h= 1.01 from Fig. 2b,
c) is shown in Fig. 3a. The threshold electric field for electron
ionization actually increases slightly with increasing Bi content
despite the decreasing bandgap energy, while that for hole ioni-
zation increases very rapidly and correlates with increasing ∆so
energy. While the addition of Bi decreases the lowest conduction
band (Γ) energy in GaAs, the subsidiary satellite valleys at the X
and L points of the Brillouin zone show an increasing energy
separation from Γ37. Moreover, the ionization transition rate in
GaAs is largely dominated by the second conduction band9 and
both of these effects may explain the relatively modest changes
seen in α with Bi content. Holes undergoing impact ionization in
GaAs, however, gain their threshold energy primarily from the
split-off band11, as the ionization transition rates from the HH
and LH bands are much lower than the phonon scattering rates.
Furthermore, the HH and LH transition rates decrease abruptly at
higher energies due to the termination of these bands at the
Brillouin zone edge. Any increase in ∆so will make it harder for
holes to transfer to the SO band and so will reduce the ionization
rate at a given electric field. The significance of the ∆so energy for
the α/β ratio at higher electric fields corresponding to Me= 1.1 in
400 nm thick GaAsBi p-i-ns can be clearly seen in Fig. 3b. The
variation of the α/β ratio with both Bi content and electric field
(taken from Fig. 2e, f) is shown in Fig. 3c. Although extremely
large ratios are seen at the lowest electric fields, practical devices
like APDs tend to operate at higher electric fields where the α/β
ratio is reduced, so we also show the α/β ratios (symbols) which
Table 1 Experimental layer details.
Diode type Layer number Nominal intrinsic
region thickness (nm)
Actual intrinsic region
thickness (nm) ± 10 nm
Bi content (%) ± 0.1 % Band gap (eV) ± 5 meV
p-i-n P1 200 220 3.5 1.17
P2 400 409 4.0 1.12
P3 800 747 4.0 1.12
P4 1600 1420 4.0 1.12
P5 400 490 0 1.42
P6 400 450 2.3 1.23
n-i-p N1 200 200 3.5 1.17
N2 400 377 3.5 1.17
N3 800 772 2.8 1.21
N4 400 390 0 1.42
N5 400 406 0.7 1.35
N6 400 415 1.7 1.27
N7 200 207 5.1 1.05
GaAsBi p-i-n and n-i-p layer details. The exact intrinsic region doping levels and thicknesses were determined using capacitance−voltage measurements, while the Bi content and band gap were
determined by X-ray diffraction (XRD) and photocurrent measurements.
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would give Me values from 1.01 to 15 in 400 nm GaAsBi p-i-ns.
As the Bi content increases and β is reduced, the electric field
necessary to achieve a given Me value increases. Even at high
electric fields, the addition of 4.0 % Bi to GaAs more than doubles
the α/β ratio.
To independently corroborate this increase in the α/β ratio,
excess noise measurements as a function of gain were undertaken
on the nominally 400 and 800 nm p-i-ns as shown in Fig. 3d.
Details of the measurement system used to do this are given in
the “Methods” and Supplementary sections. McIntyre3 showed
that the excess noise from electron-initiated multiplication, Fe, is
dependent on the α/β ratio as:





where Me is the electron-initiated multiplication and k is defined
as β/α. For low excess noise, we need a large α/β ratio or small k.
The results show a marked reduction in Fe for the nominally 400
nm p-i-n structures with increasing Bi content, consistent with
the increasingly large α/β ratios of the 2.3 % Bi (P6) and 4.0 % Bi
(P2) devices. The effective k value for GaAs of 0.48 is reduced to
0.3 (P6) and 0.2 (P2). Measurements on the thicker avalanching
width structure with 4 % Bi (P4) could only be undertaken up to a
multiplication of three due to high dark currents but nevertheless
suggest that the α/β ratio increases further, giving k ~ 0.15 as the
operating electric field is lowered. The effective k value measured
in the 400 nm thick structures is smaller than that which would
be predicted by the α/β ratios in Fig. 3c. While the effect of the
dead-space is not significant on the multiplication characteristics
in avalanching widths that are 200 nm or larger, it does have a
significant impact on the excess noise in structures thinner than
about 600 nm38, where it effectively reduces the measured k.
Separating out the effect of a real α/β ratio increase due to the Bi
from these dead-space effects requires the use of a non-local
numerical model35, knowledge of the electron and hole threshold
energies (Ethe and Ethh respectively) and the parameterized values
Fig. 2 Photomultiplication characteristics and ionization coefficients in GaAsBi. a, b The symbols showMe (Mh) versus applied reverse bias for p-i-n (n-i-p)
structures of varying i-region thickness while the solid lines show the dark currents for 50−100 µm diameter devices. c, d Me−1 (Mh−1) vs electric field for the
400nm thick p-i-n (n-i-p) diodes of different Bi contents. The solid lines show the simulated results. e α vs inverse electric field at a range of Bi contents; inset
shows α versus Bi content at an inverse electric field of 3 × 10−6 cm/V. f β of GaAsBi vs inverse electric field for a range of Bi contents. In (e, f) the dotted lines
refer to the modelled α and β values for the different Bi compositions; the solid lines indicate the values used to fit to the experimental data, as shown in (c, d).
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24966-0 ARTICLE
NATURE COMMUNICATIONS |         (2021) 12:4784 | https://doi.org/10.1038/s41467-021-24966-0 | www.nature.com/naturecommunications 5
of α and β from Fig. 2e, f to determine the avalanche multi-
plication excess noise. Implementing this model and using values
of Ethe= 2.3 eV and Ethh= 2.1 eV39 gave good agreement with the
measured excess noise not only for the GaAs structure, but also
for the 2.3 % Bi and 4.0 % Bi structures as shown by the coloured
lines in Fig. 3d. Operating at lower electric fields (via thicker
avalanching region widths) or with higher Bi contents should give
more significant excess noise reductions, and simulations in
Fig. 3d show that a 1500 nm p-i-n with 5.1 % Bi should have an
α/β ratio of 20. Fig. 3e shows how the excess noise due to electron
multiplication at a M of 10 in 1500 nm thick avalanching
structures is expected to decrease rapidly with increasing Bi% if
the issue of high dark currents could be mitigated. This figure
shows that while equivalent thickness Sb containing structures
still have slightly lower excess noise40,41, with the addition of
just 3.5 % Bi to GaAs we expect the excess noise to be
Fig. 3 Effect of Bi on the α/β ratio of GaAs. a The minimum electric field required to cause electrons and holes to ionize (defined as when Me,h = 1.01) in
nominally 400 nm GaAsBi p-i-ns and n-i-ps. The ∆so energy vs Bi content is also shown. b The α/β ratio (atMe = 1.1) in GaAsBi as a function of the ∆so energy.
c The calculated electric field dependence of the α/β ratio for different Bi contents. The symbols highlight the calculated α/β ratio at Me values of 1.01, 1.1, 2, 5,
and 15 in 400 nm GaAsBi p-i-n diodes. d The measured excess noise, Fe (symbols), in the nominally 400 nm and 800 nm thick p-i-n diodes with 4 % Bi,
showing how adding Bi reduces the excess noise of GaAs. The solid lines are simulations that show good agreement with the measurements and predict that
much lower excess noise is possible for 1500 nm thick structures with 4 % (red line) and 5.1 % (green line) Bi. The dashed lines represent the theoretical noise
predictions by McIntyre3 for β/α ratios from 0 to 0.7 in steps of 0.1. e The simulated excess noise (Fe) atM= 10 for 1500 nm thick avalanching structures with
increasing Bi content. Also shown are the best reports for AlAsSb40 and AlInAsSb41, and simulations for silicon using data from Overstraeten and Man5.
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comparable with silicon5. The ∆so energy increase with Bi is
uniquely large, although appreciable increases may also be
possible with the addition of antimony (Sb), another large
group V atom. This mechanism might therefore be responsible,
in part, for the large α/β ratios reported in42,
Al0.85Ga0.15As0.56Sb0.4443, and AlxIn1−xAsSb41 recently, where a
significant fraction of Sb is incorporated.
In conclusion, we have experimentally demonstrated that
increasing the spin-orbit splitting energy, ∆so, in GaAs, by the
addition of small amounts of bismuth, significantly reduces the
hole ionization coefficient, while leaving the electron ionization
coefficient largely unchanged. The results here clearly show that
this approach of impeding the transfer of holes into the split-off
band is one way to enhance the ionization coefficient ratio and
reduce the excess noise in APDs. Adding large-atom group V
elements to As-based III−V semiconductors provides a pathway
to engineer the band-structure for hot-carrier processes.
Methods
Growth and diode fabrication. The GaAsBi p-i-n and n-i-p structures (P1–P6 and
N1–N7) were grown on n- and p-GaAs (001) substrates respectively using an
Omicron scanning tunnelling microscope-MBE system. Substrate heating under an
As overpressure was used to remove the native surface oxide and Ga, Be, and Si
fluxes were applied to deposit the cladding regions. The growth was paused for 20
min while the substrate temperature was dropped prior to GaAsBi deposition and
the As flux changed from oversupplied As2 to near-stoichiometry As4. The low
miscibility of GaBi and GaAs necessitates growth temperatures < 420 °C and a near
stoichiometric III−V flux ratio; As4 was used as it provides a larger growth window
without detriment to the material quality44. Following GaAsBi growth, the sub-
strate temperature was increased and the As flux changed again during another
20 min growth pause prior to the upper cladding layer growth. For details on the
growth of each device, see the Supplementary MBE section. Circular mesa devices
were fabricated with ohmic metal contacts using photolithography, metal eva-
poration, and wet chemical etching techniques developed for GaAs with no
attempts made to passivate the surfaces.
Dark current−voltage and capacitance−voltage measurements. Dark current
−voltage measurements were performed by using an HP4140B picoammeter while
capacitance−voltage measurements were undertaken using an HP4275A LCR
metre at a frequency of 1MHz. The depletion width and background doping
concentration were calculated by solving Poisson’s equation with a static dielectric
constant of 12.95.
Photocurrent spectral response and XRD measurements. Photocurrent and
XRD were used to estimate the device bandgap energies and Bi contents. A Bruker D8
Discover X-ray diffractometer was used to perform ω-2θ scans on each diode. The Bi
contents were determined by fitting the XRD spectra using RADSMercury software, in
which the GaBi lattice constant was assumed to be 6.324 Å45. Room-temperature
photocurrent measurements were undertaken on devices using a tungsten-lamp and a
monochromator, and the bandgap energy was deduced from this. The Bi content
determined in this manner showed very good agreement with the theoretical curve in
Fig. 1c taking into account the strain relaxation (as detailed in the Supplementary
section), with an uncertainty in Bi composition of ± 0.1 %. Absorption coefficients
were extracted by determining the quantum efficiency of the GaAsBi samples in the
range > 900 nm assuming that the GaAs cladding layers were effectively transparent.
Multiplication and excess noise. The multiplication, M, values as functions of
reverse bias voltage were determined from the photocurrent measurements using
a lock-in amplifier with phase-sensitive detection to remove the DC leakage
currents. The use of 405 nm illumination, focussed onto the top optical windows,
ensured that only electrons (holes) initiated the multiplication process in the p-i-
ns (n-i-ps). Increases to the photocurrent due to a widening of the depletion
widths with increasing bias were very small in all the samples investigated
(see Supplementary section VIII) but were nevertheless corrected for using the
methodology of Woods et al46. The excess noise, F, values as functions ofM were
obtained using a specially designed circuit and with phase-sensitive detection
techniques as described by Lau et al47.
Extraction of alpha and beta for different Bi content. Wavelength-dependent
multiplication measurements show that α > β in GaAsBi, and so usingMe alone can
give an initial accurate indication of α at low electric fields48. Using p-i-n diodes
with similar Bi contents and different intrinsic region thicknesses enabled the
behaviour of α to be determined over a wide range of electric field(s). With this and
interpolating for the α of Bi compositions that were not experimentally available,
an iterative technique was used to adjust the values of α and β until good fits to
Me−1 and Mh−1 were obtained for all the p-i-ns and n-i-ps shown in Table 1.
Further details of this technique are given in the Supplementary section.
Modelling of excess noise. The parameterized electric field dependent values of α
and β from Fig. 2e, f were used to simulate the excess noise data in p-i-n diodes
with different avalanche widths and Bi% using a numerical model39. The electron
and hole ionization threshold energies were assumed to be similar to those of GaAs
at 2.3 and 2.1 eV respectively.
Data availability
The experimental and modelled data generated in this study have been deposited in the
University of Sheffield Figshare database under https://doi.org/10.15131/shef.
data.14816691.
Received: 19 April 2021; Accepted: 1 July 2021;
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